1. Introduction {#sec1}
===============

Waterworks sludge (WS) is a byproduct of water treatment and is regarded as waste. WS accounts for 70% of the waste generated by water treatment plants. Purification plants in China discharge 1.5 billion m^3^ of WS annually from tap water production,^[@ref1]^ and this value is predicted to increase in the coming decades. The complex composition of WS includes pollutants from natural water sources, such as suspended organic matter, colloidal matter, algae, and bacteria; water treatment agents; parasitic eggs; pathogenic microorganisms; heavy metals; and other toxic matters.^[@ref2]^ The improper disposal of WS can cause secondary environmental problems or may threaten human health through the food chain. Therefore, finding an economical and environment-friendly method to dispose and manage WS is necessary.^[@ref3]^

Several methods, such as landfill, land application, and incineration,^[@ref4]^ are used for WS disposal. However, none of these techniques are economical and environmentally acceptable. A landfill is an unsustainable option, and its use is hindered by increasing disposal cost and strict legislations.^[@ref3]^ Although application of land as fertilizer is encouraged in some areas, this method presents a risk of reduced land fertility and harmful effects on soil, vegetation, and animals. The directive 2008/EC/98 indicated that reusing sludge as a useful product is a viable option. Moreover, using an adsorbent, especially activated carbon, can be one of these solutions.^[@ref5],[@ref6]^

Studies have shown that pollutants in wastewater can be removed by dried WS. Li et al.^[@ref7]^ investigated the phosphorus adsorption capacity of WS from five cities in China and found that the maximum value for this property ranged from 4167 to 90,909 mg P/kg. Many carbon-containing materials, such as seed, plant stalks, and sludge derived from wastewater treatment, can be used to prepare activated carbon.^[@ref8]−[@ref10]^ WS, which is generated from a chemical coagulation process, usually contains large amounts of alum, iron ions, and organic polymers.^[@ref11]^ Organic matter can provide carbon to form the structure of activated carbon, and the metallic element may affect the surface chemistry and carbon performance. However, the yield and adsorption performance of pure sludge-based activated carbon are poor because of the low content of organic matter in sludge. Furthermore, mixing WS with other high-carbon cellulose materials, such as wetland plants, could enhance the yield and adsorption properties of the activated carbon. This practice can allow the economic valorization of such wastes.

Tetracycline (TC) is a bacteriostatic agent that inhibits the synthesis of bacterial protein and is widely used as an antibiotic for animals and humans.^[@ref12]^ However, only a small part of antibiotics can be digested and absorbed after they enter the human body or livestock, and most of these compounds are discharged from the body through feces. Improperly treated TC in wastewater can become an important source for aqueous solution and soil pollution and can have harmful effects on human health. Therefore, the treatment of TC in wastewater has attracted considerable attention. Many studies have used activated carbon to remove TC from wastewater.^[@ref13],[@ref14]^ However, commercial activated carbon is usually expensive. Thus, the preparation of waterworks sludge-based activated carbon (WS-ACP) could not only treat WS more environmentally but also economically remove TC from aqueous solutions. Furthermore, activated carbon prepared by ZnCl~2~ has larger pore size and is suitable for adsorbing larger molecules. Therefore, the WS-ACP prepared by ZnCl~2~ could adsorb large amounts of macromolecule TC.

This study was performed to investigate the optimum preparation conditions with an orthogonal experiment for WS-ACP. These parameters included the activator concentration, activation time, activation temperature, and mixing ratios of WS and *Phragmites australis* (PA). In addition, the physicochemical properties of WS-ACP were analyzed through Fourier transform infrared (FTIR) spectroscopy, Boehm titration, elemental analysis, and pH~pzc~. The adsorption capacities and mechanisms for TC were also evaluated by batch experiments.

2. Results and Discussion {#sec2}
=========================

2.1. Optimization of Preparation Parameters {#sec2.1}
-------------------------------------------

The WS was obtained from a local water purification plant using poly aluminium chloride as the coagulant. The initial pH of the WS was 6.1. According to the proximate analysis, the volatile and fixed carbon contents, which were the organic contents in WS, were 42.13 and 7.32%, respectively. The residual ash was 45.32%. Further elemental analysis revealed that C, O, N, and H were the basic elements of WS and accounted for 38.25, 19.32, 3.02, and 3.82%, respectively.

The activation temperature, activation time, activator concentration, impregnation ratio, and mix ratio (WS and PA) were crucial factors affecting the preparation of the activated carbon. Taguchi's method was used to determine the optimal preparation parameters to cover a broad range, and an orthogonal experiment was conducted to determine the optimal levels and parameters ([Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01524/suppl_file/ao0c01524_si_001.pdf)). An L16(5)4 orthogonal array (5 factor 4 level) was designed in the experiment.^[@ref15]^ The data were analyzed using Microsoft Excel software, and the results are listed in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. Response (*R*) was used to represent the effectiveness of the factor level, that is, the optimal level of a design parameter is the level with the greatest *R*. The response of level *j* in factor *i*, *R*~*ij*~, was computed as *K*~*ij*~/4, where *K*~*ij*~ was the total TC adsorption capacity of level *j* in the column of factor *i*.^[@ref16]^ The greatest *R* value represented the optimal parameter. The mixing ratio with the largest *R* value of 159.04 was the foremost factor affecting the iodine value, followed by temperature, activator concentration, time, and impregnation ratio. [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} shows that the iodine value increased with the increasing impregnation ratio from 1:1 to 1:2.5, which may be attributed to the increasing degree of activation. The iodine value also improved with the increasing mixed ratio, which may be ascribed to the larger carbon content at a high mixed ratio. The iodine value reached a maximum value when the temperature, time, and activator concentration were 600 °C, 50 min, and 3 mol/L, respectively. Therefore, the appropriate parameters to prepare activated carbon were as follows: temperature, 600 °C; activator concentration, 3 mol/L; time, 50 min; impregnation ratio, 1:2.5; and mixed ratio, 40%.^[@ref15],[@ref17]^

![Effects of factors on iodine value of WS-ACs.](ao0c01524_0001){#fig1}

###### Design and Results of the Orthogonal Experiment

  samples number   temperature (°C)   time (min)   activator concentration (mol/L)   impregnation ratio   mix ratio (%)   iodine value (mg/g)
  ---------------- ------------------ ------------ --------------------------------- -------------------- --------------- ---------------------
  1                400                30           1                                 1:1                  0               302.56
  2                500                30           2                                 1:1.5                10              472.64
  3                600                30           3                                 1:2                  20              548.8
  4                700                30           5                                 1:2.5                40              552.42
  5                400                50           2                                 1:2                  40              512.32
  6                500                50           1                                 1:2.5                20              535.33
  7                600                50           5                                 1:1                  10              525.98
  8                700                50           3                                 1:1.5                0               435.65
  9                400                70           3                                 1:2.5                10              458.08
  10               500                70           5                                 1:2                  0               408.65
  11               600                70           1                                 1:1.5                40              542.8
  12               700                70           2                                 1:1                  20              423.45
  13               400                90           5                                 1:1.5                20              488.79
  14               500                90           3                                 1:1                  40              615.68
  15               600                90           2                                 1:2.5                0               440.2
  16               700                90           1                                 1:2                  10              433.15
  *k*1             440.44             469.11       453.46                            466.92               396.77           
  *k*2             508.07             502.32       462.15                            484.97               472.46           
  *k*3             514.45             458.25       514.55                            475.73               499.09           
  *E*              461.17             444.46       493.96                            496.51               555.81           
  *R*              74.01              47.07        61.09                             29.59                159.04           

2.2. Physicochemical Properties of WS-ACs {#sec2.2}
-----------------------------------------

The scanning electron micrographs of WS-ACs are shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}. The micrographs show that both activated carbons have rough surfaces and appear more porous.^[@ref18]^[Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01524/suppl_file/ao0c01524_si_001.pdf) shows the N~2~ adsorption/desorption isotherms and pore size distributions of WS-AC and WS-ACP. The isotherm curve can be classified into type I and type IV, according to International Union of Pure and Applied Chemistry (IUPAC). The curve of WS-ACP is closer to the *y*-axis than WS-AC, indicating that the development degree of the micropore structure of WS-ACP is higher than that of WS-AC. The existence of hysteresis loop indicates that both WS-ACP and WS-AC have mesoporous structures.^[@ref19]^ These results can be confirmed by the pore structure parameters in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}. The Brunauer--Emmett--Teller (BET) surface area (*S*~BET~) and *V*~tot~ of WS-ACP were 949.90 m^2^/g and 0.92 cm^3^/g, which were considerably higher than those of WS-AC (156.25 m^2^/g and 0.19 cm^3^/g, respectively). A similar trend was found in *S*~mic~/*S*~tot~, indicating that the abundant micropores primarily contributed to the surface area.^[@ref20]^ WS-ACP had better-developed porous structure than WS-AC, and the dominant role of micropores in the pore structure could be beneficial in removing contaminants.

![SEM micrographs of (a) WS-AC and (b) WS-ACP, and (c) FTIR spectra of WS-ACs.](ao0c01524_0002){#fig2}

###### Pore Structure Parameters of WS-ACs

  samples   *S*~BET~ (m^2^/g)   *S*~mic~ (m^2^/g)   *S*~mic~/*S*~tot~ (%)   *V*~tot~ (cm^3^/g)   *V*~mic~ (cm^3^/g)   *V*~mic~/*V*~tot~ (%)   *D*~p~ (nm)
  --------- ------------------- ------------------- ----------------------- -------------------- -------------------- ----------------------- -------------
  WS-AC     356.25              72.36               20.31                   0.19                 0.12                 63.16                   2.13
  WS-ACP    949.90              389.6               41.02                   0.92                 0.42                 45.65                   3.87

As shown in [Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}, the contents of O and N in WS-AC were reduced compared with WS, whereas the content of C only slightly changed after the preparation of activated carbon. Compared with WS-AC, the contents of C, O, and N were improved in WS-ACP, and the enhancement of the elemental contents were due to the PA addition in WS-ACP. PA addition can change the element components and influence the functional groups of activated carbon. A preliminary analysis of the activated carbon molecular structure can be obtained by calculating the atomic ratio. The H/C ratio of WS-AC was apparently higher, compared with that of WS-ACP, indicating a lower aromatic structure and preservation of more original organic C. Therefore, WS-AC may have more sorption sites for inorganic contaminants.^[@ref21]^ The molar O/C ratio and (N + O)/C ratio were higher in WS-ACP than in WS-AC, suggesting the preservation of more nitrogen-containing and oxygen-containing functional groups and a hydrophilic surface. The surface functional groups were obtained after the Boehm titration. As listed in [Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}, acidic functional groups based on carboxyl groups were found in WS-AC. PA addition improved the total acid functional and total functional groups by 23 and 46%, respectively. The pH~PZC~ of WS-ACP (pH 5.63) was lower than that of WS-AC (pH 6.25), which was consistent with the results of the Boehm titration, thereby indicating the predominance of the acidic groups on the surface of the WS-ACP. The large number of functional groups and the polarity properties can be beneficial to sorption.

###### pH~pzc~, Boehm Titration, and Element Composition of the WS-ACs

                  functional groups (mmol/g)   elements component (%)   atomic ratio                                                                         
  -------- ------ ---------------------------- ------------------------ -------------- ------- ------- ------- ------- ------- ------ ------ ------- ------- -------
  WS-AC    6.25   0.726                        0.011                    0.025          0.762   0.016   0.779   37.35   9.36    0.44   5.17   1.661   0.188   0.198
  WS-ACP   5.63   0.806                        0.087                    0.095          0.989   0.150   1.138   57.78   17.39   0.78   2.01   0.417   0.226   0.237

The surface functional groups of WS-ACs were classified by FTIR analysis ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c). According to the previous studies,^[@ref21],[@ref22]^ the spectra showed peaks at 3440 cm^--1^, which indicated the stretching vibration of −OH (carboxyl, lactone groups, or H~2~O) or phenolic hydroxyl. The peaks at 1636 cm^--1^ corresponded to the C=O stretching vibration of the carboxyl groups. In addition, the bands between 1425 and 1636 cm^--1^ could be assigned to the C--O--H deformation. The peaks at 1030 cm^--1^ represent the C--O absorption peak. Furthermore, compared with WS-AC, the vibration and deformation peaks of these groups increased dramatically for WS-ACP, showing the presence of abundant functional groups on the WS-ACP surface. This result was in accordance with the results of O/C and (N + O)/C. The marked difference in the functional groups could have been contributed by the hemicelluloses, cellulose, and lignin contents preserved from PA.^[@ref21]^

2.3. Effect of Adsorbent Dosage {#sec2.3}
-------------------------------

The dosage of the activated carbon is a critical parameter for designing the optimum adsorption. As shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}, increasing the WS-ACP dose from 0.2 to 1.2 g increased the removal rate of TC from 38.3 to 99.5% but decreased the adsorption from 156.21 to 24.50 mg/g. This result was due to the limited amount of TC adsorption sites in the solution.^[@ref23]^ The larger the increment of WS-ACP is, the lower the adsorption mass transfer power will be, thereby resulting in lower adsorption capacity. Considering the adsorption capacity and removal rate, 0.25 g was selected as the optimal carbon input in this study.

![Effect of adsorbent dosage on the removal of TC by WS-ACP (Temperature = 25 ± 1 0 °C, pH = 6.01 ± 0.1, agitation time = 48 h, *C*~0~ = 400 mg/L, and dosage = 0.1 g/150 mL).](ao0c01524_0003){#fig3}

2.4. Effect of Agitation Time and Adsorption Kinetics {#sec2.4}
-----------------------------------------------------

[Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} shows the influence of adsorption time on the TC adsorption capacity, which increased with increasing adsorption time. The adsorption equilibrium appeared after approximately 30 min with the equilibrium TC adsorption capacity of 153.4 mg/g. In the beginning of the adsorption reaction, a higher TC concentration led to a rapid diffusion rate of TC, high WS-ACP adsorption reaction rate, large adsorption reaction mass transfer power, and adsorption capacity. With the continuous adsorption reaction, the TC concentration continued to decrease, and the diffusion rate slowed down, but the adsorption amount of TC to WS-ACP increased.

![Adsorption kinetics of WS-ACP fitted by pseudo-first-order (dashed lines) and pseudo-second-order models (solid lines) (*C*~0~: 400 mg/L; dosage: 0.1 g/150 mL; temperature: 25 ± 1 °C; and initial pH: 6.01 ± 0.1).](ao0c01524_0004){#fig4}

The pseudo-first-order^[@ref24]^ and the pseudo-second-order^[@ref25]^ models were used to identify the potential rate-controlling steps in the adsorption and investigate reaction mechanisms. The pseudo-first-order model, which is based on solid capacity, is defined as follows

The pseudo-second-order model, which predicts the behavior of the whole adsorption range, is defined as followswhere *q*~e~ (mg/g) is the adsorption capacity at equilibrium; *q*~*t*~ (mg/g) is the amount of adsorbate adsorbed at time *t*; and *k*~1~ (1/h) and *k*~2~ (g/mmol h) are the rate constants.

As shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}, the *R*^2^ value of 0.9946 and the good agreement between the experimental (*Q*~e~) and calculated values (*Q*~cal~) indicated that the pseudo-second-order kinetic model was more suitable for describing the adsorption of TC onto WS-ACP. Therefore, the pseudo-second-order model could be used to predict the kinetic process for TC sorption, and the key control process of the adsorption rate was a chemical process.^[@ref26]^ Overall, the adsorption process was fast, and such a speed was related to the large amount of aromatic ring structures of TC. In addition, TC could be combined with WS-ACP through percolation to remove TC in the solution.^[@ref18]^

2.5. Adsorption Isotherms and Thermodynamics {#sec2.5}
--------------------------------------------

As shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}, the adsorption capacities of TC by activated carbon increased with the increasing initial TC concentration at all tested temperatures (293, 303, and 313 K). As demonstrated in a previous study, this result may be caused by the provision of a prominent driving force by a high TC initial concentration to control the resistance of adsorbate transfer from the liquid to the solid part of the adsorption system.^[@ref27],[@ref28]^ Furthermore, with the increasing TC concentration, the effect of temperature on adsorption became increasingly evident.

![Adsorption isotherms of TC onto the WS-ACP. Solid lines represent the Langmuir isotherms; dashed lines represent the Freundlich isotherms (pH: 6.01 ± 0.1; agitation time: 48 h; *C*~0~: 400 mg/L; and dosage: 0.1 g/150 mL).](ao0c01524_0005){#fig5}

The Langmuir^[@ref29]^ and Freundlich^[@ref30]^ isotherm models were used to study the adsorption behavior between WS-ACP and TC as followswhere *Q*~e~ (mg/g) is the maximum TC adsorption capacity; *Q*~0~ (mg/g) is the initial adsorption capacity; *C*~e~ (mg/L) is the TC equilibrium concentration; *K*~L~ (L/mg) is the Langmuir constant; *K*~F~ (mg^1--1/*n*^ L^1/*n*^ g^--1^) is the Freundlich affinity coefficient; and *n* is the adsorption intensity.

The Langmuir model describes a monolayer adsorption because it presumes the presence of homogeneous sites in the adsorbent and that no interaction occurs between molecules and adsorbent. In contrast, Freundlich isotherm describes a reversible and multilayer adsorption.^[@ref25]^ The fitting curve and sorption parameters are shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}. The *R*^2^ value calculated from the Freundlich model (0.9981--0.9990) was higher than that from the Langmuir model (0.9788--0.9812), indicating that the Freundlich isotherm model exhibited a better fit to adsorption than the Langmuir model for the adsorption of TC. Therefore, the physical adsorption also existed during the TC adsorption onto WC-ACP, and the adsorption process conformed to a multilayer adsorption mechanism. The *k*~F~ value, which represents the adsorption capacity, showed an increasing trend with the temperature. The heterogeneity factor 1/*n*, which was related to the bond distribution, was approximately 0.5, indicating that the experimental conditions were favorable to adsorption. Therefore, physisorption and chemisorption happened during the adsorption of TC onto the WS-ACP surface.^[@ref25]^

The thermodynamic parameters of TC adsorption to WS-ACP were calculated, and the results are shown in [Table [4](#tbl4){ref-type="other"}](#tbl4){ref-type="other"}. The positive value of Δ*H*^0^ \> 0 indicated that TC adsorption was an endothermic process. Therefore, increasing temperatures were favorable to the adsorption process. Δ*S*^0^ is related to the sorption stability, and its positive value revealed the increase in randomness and free energy between the solid--liquid interface, resulting in an irreversible and stable adsorption.^[@ref31]−[@ref33]^ The Δ*G*^0^ of WS-ACP was negative at all three temperatures, indicating that the WS-ACP adsorption of TC was spontaneous. In addition, the absolute value of Δ*G*^0^ increased with temperature, showing that the spontaneous growth trend was also related to temperature, and high adsorption temperature was favorable to adsorption.

###### Thermodynamic Parameters for the Adsorption of TC onto WS-ACP

  *T*(K)   Δ*G*^0^ (KJ/mol)   Δ*H*^0^ (KJ/mol)   Δ*S*^0^ (KJ/(mol K))
  -------- ------------------ ------------------ ----------------------
  293      --36.766           3.946              0.1343
  303      --38.109                               
  313      --39.452                               

2.6. Effect of Solution pH {#sec2.6}
--------------------------

TC is an amphiphilic molecule that can exist in the TC solution in the following forms: TCH~3~^+^ cations (pH \< 3.32); TCH~2~^±^ and TCH^--^ amphoteric ions (3.32 \< pH \< 7.78); and TC^2--^ anions (pH \> 7.78). The characteristics of TC are shown in [Table S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01524/suppl_file/ao0c01524_si_001.pdf). The pH level of the solution can affect the surface properties of WS-ACP and the existence form and the ionization degree of TC, which can subsequently affect the adsorption of WS-ACP on TC. TC has amphoteric property with three p*K*~a~ states, namely, 3.32, 7.78, and 9.58.^[@ref22]^ When the pH level was lower than 3.32, H~4~TC^+^ was the dominated molecular species, H~3~TC within the pH range of 3.32--7.78, H~2~TC^--^ at the pH range of 7.78--9.58, and HTC^2--^ when pH was higher than 9.58. Given that the zero-point charge (pH~pzc~) of WS-ACP was 5.63, the surface of WS-ACP was positively charged when the pH level was from 3.0 to 5.63 and negatively charged from pH 5.63 to pH 11.

[Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"} shows the adsorption of WS-ACP on TC from pH 3.0 to pH 11.0 in the solution. No significant effect on TC removal was found within the pH range of 5.0--7.0. This result was in accordance with that of a former study^[@ref31]^ in which a slightly negative or positive charge of the biochar surface minimized the electrostatic or repulsive attraction with H~3~TC. When the pH level was higher than 7.0, the electrostatic repulsion between the TC molecule and WS-ACP increased in strength, which was not favorable to adsorption. However, although the positive--positive electrostatic repulsion existed at pH below 5, the removal efficiency was relatively high. Therefore, despite the electrostatic interaction, the hydrogen bonding and π--π electron donor--acceptor interaction also contributed to the interaction between the surface of WS-ACP and the TC molecule.^[@ref34]^ This finding can be confirmed by the results from FTIR spectroscopy and Boehm titration. In the TC molecule, the functional groups, that is, hydroxyl, phenol, amine, and enone moieties, formed hydrogen bonds with the hydroxyl and carboxyl functional groups on the absorbent surfaces.^[@ref28]^ This phenomenon affected adsorption.

![Effect of solution pH on TC adsorption (temperature = 25 ± 1 °C, agitation time = 48 h, and initial TC concentration = 400 mg/L).](ao0c01524_0006){#fig6}

2.7. Adsorption Properties of Adsorbents {#sec2.7}
----------------------------------------

The WS-ACP exhibited great ability to remove TC compared with the other reported adsorbents ([Table [5](#tbl5){ref-type="other"}](#tbl5){ref-type="other"}). This result was related to the well-developed microporous structure of WS-ACP because its BET surface area (949.90 m^2^/g) was substantially higher than those of the reported ones. The abundant micropore content of WS-ACP provides the adsorbent great potential in removing more kinds of contaminant. Therefore, WS-ACP is considered to be a good adsorbent to remove TC.

###### Surface Areas and Maximum TC Adsorption Capacity of the Adsorbents Found in the References

  precursor                                          *S*~BET~ (m^2^/g)   *Q*~max~ (mg/g)   references
  -------------------------------------------------- ------------------- ----------------- ------------
  mixture of WS and PA                               949.90              158.89            this work
  biochar                                            117                 58.82             ([@ref17])
  corn straw                                         463.89              227.3             ([@ref28])
  manganese dioxide-modified biochar                 31.74               131.49            ([@ref34])
  rice straw                                                             14.2              ([@ref35])
  municipal solid waste--montmorillonite composite                       77.96             ([@ref36])
  chitosan                                           0.036               41.35             ([@ref37])
  chicken bone                                                           63.3              ([@ref38])
  silica oxide                                       239                 5.43              ([@ref39])

3. Conclusions {#sec3}
==============

A novel WS-ACP was prepared by using WS and PA. The optimum preparation parameters were as follows: activation temperature, 600 °C; ZnCl~2~ concentration, 3 mol/L; activation time, 50 min; impregnation ratio, 1:2.5; and mixed ratio of WS and PA, 40%. PA addition optimized the physical and chemical properties of the activated carbon. WS-ACP possessed well-developed pore structure and abundant acidic functional groups. The maximum adsorption capacity of the material was 153.4 mg/g. The adsorption was better simulated by pseudo-second-order kinetic and Freundlich isotherm equation. Based on all results, WS-ACP could be an effective alternative adsorbent to remove TC because of its adsorption capacity and cost-effective renewable resources.

4. Methods {#sec4}
==========

4.1. Pretreatment of Materials {#sec4.1}
------------------------------

WS was obtained from the Quehua Purification Plant (Jinan, Shandong Province, China). The proximate and elemental analyses of the WS were performed, according to ASTM-D1762. The WS was sterilized in an autoclave and then dried at 105 °C for 120 min to ensure that the moisture content of the sludge was less than 10 wt %. The dried WS was used as a carbon precursor. The PA was collected from Mata Lake Wetland (Shandong, China) and used as an additive. The additive was washed to remove earthy matter and then dried at 110 °C for 24 h.

4.2. Preparation Method {#sec4.2}
-----------------------

The mixture of WS and PA (10 g; specific mix ratio of WS and PA, 0, 10, 20, and 40%) was impregnated with a ZnCl~2~ activator (solution) with a specific concentration (1--5 mol/L) under a specific impregnation ratio (1:1--2.5) at 25 °C for 10 h. Then, the samples were heated to a specific temperature (400--700 °C) and kept for a specific activation time (30--90 min) in a muffle furnace under the protection of nitrogen. Then, hot purified water was used to rinse the cooled samples several times until the pH level was close to 6.5 to eliminate activator residues and other inorganic substances. Finally, the samples were dried at 105 °C for 12 h and sifted through 120--200 mesh by using standard sieves. The sample particles obtained were denoted as WS-ACs, and the undoped PA carbon material was defined as WS-AC. Meanwhile, the doped PA carbon material obtained under optimal preparation conditions was designated as WS-ACP.

4.3. Adsorption Experiments {#sec4.3}
---------------------------

Batch adsorption experiments were performed by adding WS-ACs into 150 mL of TC solution, with initial TC concentrations in the range 200--600 mg/L. The effect of the pH level on the TC adsorption by WS-ACs was determined at a TC concentration of 400 mg/L, with the pH level in the range 2.0--11.0. The pH was adjusted by the addition of 0.01 M HCl or NaOH. All samples were shaken in a temperature-control oscillator at 120 rpm and 25 ± 1 °C for 48 h. Prior to the determination of the residual TC concentration, samples were filtered through a membrane (0.45 μm). TC was measured using a UV--vis spectrophotometer (UV-5100, 105 Shanghai) at a wavelength of 350 nm. *Q*~e~ (mg/g) was calculated, according to the equation ([eq S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01524/suppl_file/ao0c01524_si_001.pdf)).

The effects of contact time and kinetic properties were investigated by adsorption kinetic experiments. WS-AC (1.2 g) was added into the TC solution (400 mg/L, 2 L). Then, the mixture was stirred by using an electromagnetic stirrer at 120 rpm and 25 ± 1 °C. Solution samples (15 mL) were collected at certain time intervals within 48 h and used to determine the TC concentration by the same process, as described above.

The thermodynamic parameters of the WS-AC adsorption of TC were estimated by measuring the changes in Gibbs free energy (Δ*G*^0^, kJ/mol), enthalpy \[Δ*H*^0^, kJ/mol), and entropy (Δ*S*^0^, kJ/(mol K)\] during adsorption. The parameters are calculated as followswhere *R* is the gas constant \[8.314 J/(mol K)\], *T* (K) is the thermodynamic temperature, and *K*~C~ (L/mol) is obtained from the plot of ln(*q*~e~/*C*~e~) versus *q*~e~.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.0c01524](https://pubs.acs.org/doi/10.1021/acsomega.0c01524?goto=supporting-info).Characterization method; *Q*~e~ (mg/g); factors and levels of orthogonal experiment; characteristics of TC; N~2~ adsorption/desorption isotherms; and pore size distributions ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01524/suppl_file/ao0c01524_si_001.pdf))

Supplementary Material
======================

###### 

ao0c01524_si_001.pdf

^⊥^ C.Z. and W.Y. contributed equally to this work.

The authors declare no competing financial interest.

This work was supported by the Shandong Key Laboratory of Water Pollution Control and Resource Reuse (no. 2019KF11), China Postdoctoral Science Foundation Funded Project (no. 2019M652458), and National Natural Science Foundation of China (51908343).
